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INTRODUCTION
Combined radiation and skin wounds often occur under the conditions of severe nuclear accidents and radiotherapy accidents 1, 2) . It is known that a high dose of ionizing radiation can cause bone marrow aplasia and delay wound healing. The disorders of hematopoietic and immune functions could also affect the healing process. The management of simple skin wounds is a relatively mature practice, but is much more difficult in the case of wounds combined with total body irradiation, since this kind of skin wound is very complex and difficult to heal. Wound healing is a complex process of cell proliferation, migration, matrix synthesis, and contraction. In recent years, the role of growth factors in the healing process has received much attention. It is reported that some growth factors are important radioprotectors in the therapy of radiation injuries 3, 4) . Nerve growth factor (NGF) is a polypeptide discovered in the early 1950s by R. Levi-Montalcini. Although the best documented activity of NGF is on nerve cells, there is evidence that a role for the NGF in tissue repair process has recently been proposed, especially since the finding that NGF healed otherwise untreatable ulcers in diabetics and patients with severe pressure ulcers [5] [6] [7] . Recent studies have also indicated that NGF plays an important role for cells belonging to the hematopoietic and immune systems 8, 9) . Because bone-marrow damage was one of the main syndromes of a high dose of total body radiation, increasing the wound healing and promoting hematopoiesis should be considered simultaneously in the ideal treatment of radiation-combined injury. The wide biological activities of NGF in the wound healing process and in hematopoietic/ immune cells make it promising for the treatment of radiationcombined injuries. In the present work, experiments were designed to elucidate the effects of NGF on wound healing and survival in mice with combined radiation and wound injury. 10) Nerve growth factor was purchased from Biotechnology Company of Huadong. This product was isolated from human placenta by gel-filtration and ion-affinity chromatography and was characterized by analytical HPLC techniques as well as SDS-PAGE. This product was also identified by recombinant specific anti-NGF antibody (Sigma), and was proven to be a glycoprotein with a mol. wt. of 14.4 kD. The purity was more than 97%. The biological activity of NGF was tested by using an in vitro neurite outgrow bioassay.
MATERIALS AND METHODS

Preparation of NGF
11) The biological activity unit was 5 ng/ml.
Animals and wound model
Experimental animals were purchased from the center of laboratory animals of the Third Military Medical University. Male mice with ages of 6-8 weeks and body weights of 20 ± 1.2 g were studied in this series of experiments.
For an immunohistochemistry assay, 25 animals were irradiated over the whole body with 5 Gy of gamma rays from a cobalt source ( 60 Co) with an absorption rate of 2.1-5.7 mGy/s. One excision wound of full-thickness skin with 2 cm in diameter was created surgically on the back of each animal under aseptic condition thirty min after radiation. These animals were used as a combined injury group; 25 animals with only a skin wound were used as a simple wound group. Five of the animals were randomly selected and sacrified by an overdose of sodium pentobarbital at postwounding days 3, 5, 7, 10 and 14, respectively. Wounded tissues were cut along the margin between the injuried tissue and normal skin. A sample from each animal was fixed in 2% paraformaldehyde and embedded in paraffin. After the operation, the animals were maintained in cages with free access to food and water.
To study the effects of NGF in vivo, 145 animals with combined injuries were used. All of the animals were divided into two groups: NGF-treated group and control group. The NGFtreated group was given 50 µg NGF in 0.2 ml normal saline by an intraperitoneal application and 250 µg/ml NGF (dissolved in normal saline) by a topical application one time a day for five successive days; the control group was given sterilized normal saline instead. The survival rate was observed at post-wounding days 4, 10 and 14; peripheral white blood cells and bone-marrow nucleated cells were counted at days 3 and 7; wounded tissues were cut at days 3, 5 and 7 and a sample from each mouse was fixed in 2% paraformaldehyde and embedded in paraffin; the count of fibroblasts and blood capillaries from 5 randomly selected fields in wounded tissue sections were analyzed microscopically. Images of the residue area of skin excision of each animal were acquired at days 3, 5, 8 and 14 by a camera under the same conditions of photography, and were imported into an image-analysis software package. The percentage of the residue area compared with the primary area of skin excision was used to evaluate the effects of NGF on wound healing.
Immunohistochemistry assay
12)
The paraffin sections were soaked in xylene to remove paraffin and rehydrated in a graded series of alcohol (100% to 50%). After deparaffinization, the sections were rinsed in tap water for 2 min. The endogenous peroxidase activity was quenched by immersion in 10 mmol/liter phosphate-buffered saline (PBS; pH 7.6) with 0.3% hydrogen peroxide for 30 min. After a rinse in 10 mmol/liter PBS (pH 7.6) for 5 min, the sections were incubated for 30 min with diluted normal blocking serum, which was prepared from the species in which the secondary antibody was made. Polyclonal antibodies against NGF (Santa Cruz) was used as primary antibodies. The sections were incubated for 1 h with a 1:100 dilution of primary antibodies at room temperature.
After rinsing in PBS, the sections were sequentially incubated with diluted biotinylated secondary antibody solution for 30 min. Slides were washed for 5 min in PBS and then incubated with ABC reagent for 30 min. The reaction product was observed microscopically. Two methods were used to semiquantify the results of immunohistochemistry. First, immunostaining for NGF was examined and classified as present or absent in each section by two observers unaware of the underlying diagnosis. Second, images of the positive area were acquired from 5 randomly selected fields, and the intensity was evaluated by image analysis by a computer.
Isolation and culture of fibroblasts 13) Skin tissues, approximately 3 × 3 mm, were obtained from the backs of adult mice. The biopsies were placed as explants on the surface of 10-cm culture dishes, and were cultured for 7 to 10 days in Iscove's Modified Dulbecco's Medium (IMDM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and antibiotics (100 µg/ml penicillin and 100 IU/ml streptomycin) at 37°C in 5% CO2/95% air. The outgrown skin fibroblasts from the explants were harvested by digestion with 0.25% trypsin and 0.02% ethylenediamine tetraacetic acid (EDTA) in PBS. They were inoculated into 25 cm 2 culture flasks with IMDM containing 10% FBS and antibiotics, and used for in vitro experiments.
Cell viability and migration assay 14, 15) Mouse skin fibroblasts were cultured to confluency and irradiated with a dose of 15Gy of γ rays in vitro. MTT method was used to determine the cell viability in monolayer cultures. After irradiation, cells were seeded at a density of 2 × 10 4 /ml into 96-well culture plates. Each well was filled with 0.2 ml of IMDM medium. In the NGF-treated group, cells were cultured in a serum-free medium containing 50, 200 and 500 ng/ml NGF, and cells in the control group were cultured in a serum-free medium. After 48 h, cells were co-cultured with MTT at a final concentration of 0.5 µg/ml for 4 h. The supernatant was removed by centrifugation and then dimethyl sulfoxide solution (DMSO) was added to dissolve formazan crystals. The absorbance was read at 492 nm in an ELISA reader (Perkin Elmer, HTS 7000 plus).
A wound model of monolayer cells was used in a cell motility assay. When cultured cells were confluent, linear defects of 1 mm in width were made in cultured dishes with a sterile needle. Then, the cells in the NGF-treated group were cultured in an IMDM medium containing 100, 200 and 500 ng/ml NGF; cells cultured in the IMDM medium without NGF were used as a control. The migration rate was assayed by measuring the closed width of the wound at the same location through an inverted light microscope at 48 h postwounding.
Statistical analysis
The survivalrate of animalswas compared with a χ 2 test, andthe analyses of other parameters were compared with the Student's t test. Statistical significance was assumed at a p value less than the 0.05 level. Data were represented as mean ± standard deviation.
RESULTS
Expression of NGF in wounded tissues
An immunohistochemical analysis was carried out to investigate the expression of NGF in granulation tissues after totalbody irradiation. NGF-positive cells were widely distributed in granulation tissue. The expression of NGF in tissue sections from combined injury group was relatively weak, while in tissue sections from the simple-wound group was strongly stained. A semiquantitative evaluation of NGF expression by image analysis revealed that the staining intensity of NGF in granulation tissues was significantly decreased at postwounding days 3, 5, 7, 10 and 14 in sections from combined-injury group comparing with sections from the simple-wound group (Fig. 1). 
NGF promotes viability and migration of fibroblasts after irradiation in vitro
The result showed that irradiation with a total absorptive dose of 15 Gy in vitro significantly decreased the survival and migration of cultured mouse skin fibroblasts (p < 0.01). Under our culture conditions, NGF did not influence the proliferation of nonirradiated skin fibroblasts in vitro, while NGF increased the viability of irradiated fibroblasts at concentrations of 100, 200 and 500 ng/ml (Fig. 2A) . NGF also significantly accelerated the migration rate of both non-irradiated and irradiated fibroblasts in wounded monolayer cells at 48 h post-wounding after irradiation in vitro (Fig. 2B) . The bars represent the standard deviation. There were significant differences at all checkpoints. *p < 0.05 (B) A section of a simple wound at day 7 after wounding. ×400 (C) A section of a combined wound with radiation at day 7 after wounding. ×400.
Fig. 2. Survival and migration assay of cultured mouse skin fibroblasts of non-irradiated cells (gray) and irradiated cells (dark gray). The viability was assessed by MTT method.
The monolayer wound model in cultured cells was used to study migration in vitro. The results were collected from five parallel determinations. The bars represent the standard deviation. (A) survival of fibroblasts; (B) migration of fibroblasts (*p < 0.05 for non-irradiated fibroblasts at 100 ng/ml NGF; **p < 0.05 for non-irradiated fibroblasts at 200 and 500 ng/ml NGF; #p < 0.05 for irradiated fibroblasts at 100 ng/ml NGF; ##p < 0.01 for irradiated fibroblasts at 200 and 500 ng/ml NGF).
Effects of NGF on the survival and blood recovery of irradiated mice
The survival rate of irradiated mice with an NGF treatment was significantly higher than control mice at days 10 and 14 (Fig. 3) . The number of bone-marrow nucleated cells (at day 3 and day 7) and peripheral white blood cells (at day 7) also increased significantly compared to that in control mice (Fig. 4) .
Effects of NGF on skin wound healing in irradiated mice
From day 3 of postwounding, the residue areas in mice with an NGF treatment decreased significantly compared to that in control mice (Fig. 5) . This indicated that NGF accelerated the skin wound healing process. The cellular components in granulation tissues were further investigated. The number of fibroblasts and blood capillaries in the wound tissues increased significantly at postwounding days 3, 5 and 7 (Fig. 6) . 
DISSCUSSION
During the healing process, NGF that is immediately and constitutively released in response to cutaneous injury may contribute to wound healing through broader biological activities 16) . The present study demonstrated that NGF accelerates wound healing on mouse skin, and may be an effective therapy for patients with severe pressure ulcers and diabetic ulcers 5, 6) . A high dose of gamma ray irradiation could significantly delay wound healing, owing to the suppression of an inflammatory process, the inhibition of cellular proliferation, the down-regulation of growth factor expression, wound infection and local ischemia of wound tissue 17) . In this study, we found that the endogenous expression of NGF in granulation tissues significantly decreased in wounds combined with total body irradiation, and exogenous supplementation of NGF brought about an acceleration of the healing process. The acceleration of granulation tissue formation in skin wounds was also observed. This effect of NGF on wound healing may have been due to the chemotactic action of NGF, which might have resulted in attracting the cells to the site of injury and quickening the formation of granulation tissues. The effects of ionizing radiation on mammalian cells in vitro has been reported 18, 19) . Here, we found that high-dose irradiation of 15 Gy in vitro significantly decreased the survival of cultured skin fibroblasts; also, NGF was shown to promote the survival and migration of fibroblasts after irradiation. Although the effect of NGF on the proliferation of cultured fibroblasts in vitro was not observed in our study and another report 20) , the possibility that NGF might contribute to the repair process and radiation protection by inducing the expression of other growth factors cannot be ruled out 21) . Indeed, it has been suggested, at least in PC12, that NGF might play either an overlapping or cooperative role with TGF-β1, by regulating TGF-β1 gene expression, at both the transcriptional and posttranscriptional level 22) . Nerve growth factor could also increase the mitogenicity of certain growth factors for cultured human keratinocytes. 23) When maintained under conditions without any treatment, mice with combined radiation and wound injury die from severe anemia, immune depression and infection. In our study, we also observed that NGF increased the survival of mice combined with skin wounds and total body irradiation. There are at least three possibilities for NGF to rescue animals from radiationcombined injuries. First, NGF plays roles on hematopoietic and immune cells, which are important for radiation injuries. 8) Some studies published in recent years have demonstrated that NGF affects different functional activities of mature immune and hematopoietic cells. 9) Other studies have revealed that hematopoietic progenitor cells from bone marrow and peripheral blood are receptive to the action of NGF, and that bone marrow stromal cells produce/respond to NGF during different steps of normal hematopoiesis. 24) Second, NGF accelerates wound healing. An open wound is a window for exogenous infection. A quick closure of the skin wound will reduce the possibility of infection.
Third, some reports indicated that NGF could regulate other cytokines production. These indirect-producing cytokines may also play roles in the survival of animals.
In summary, we have shown that NGF promoted survival and accelerated wound healing in irradiated animals. These effects of NGF may provide a new tool for treating of radiation-combined injuries.
